Introduction
Closteroviruses constitute a diverse group of filamentous plant viruses with monopartite positive-sense RNA genomes which differ from other viruses having helical capsid symmetry in that they show more pronounced flexibility of particles. Based on the modal length of particles and some biological characteristics, closteroviruses are divided into subgroups A, B and C, represented by apple chlorotic leaf spot virus (particle length 730 nm), beet yellows virus (BYV; 1250 to 1450 nm), and citrus tristeza virus (1650 to 2000 nm), respectively (BarJoseph & Murant, 1982) . Until recently, the molecular biology of closteroviruses has not been studied in much detail. The current data on the structure and expression of closterovirus genomes (Yoshikawa & Takahashi, 1988; Dulieu & Bar-Joseph, 1990; Karasev et al., 1989; Dolja et al., 1990 ; T. Candresse, personal communication) leave little doubt that the closteroviruses should be reclassified into three separate virus groups.
BYV, the type representative of closteroviruses, is transmitted by aphids semi-persistently to a wide range of dicotyledonous hosts and causes economically important losses in sugarbeet crops world-wide (Bar-Joseph & Mutant, 1982) . BYV particles are composed of a single type of capsid protein with an Mr of 22 300 and RNA of about 14-Skb in length (Bar-Joseph & Hull, 1974; Carpenter et aL, 1977) . The virion RNA of BYV is devoid of a 3' poly(A) tail and 5' VPg, and apparently bears a cap structure (Karasev et al., 1989) . Upon cellfree translation, BYV RNA directs the synthesis of a major 250K protein; the respective gene presumably covers the Y-terminal half of the virus genome. The genes located downstream are most likely expressed via subgenomic RNAs (Karasev et al., 1989; Dolja et al., 1990) . This paper describes the gene arrangement in the 6746 nucleotide Y-proximal portion of the BYV genome, including the C-terminal part of the putative RNA polymerase and viral coat protein. The interviral homologies of the encoded proteins and evolutionary relationships of BYV with other RNA-containing viruses are discussed.
Methods

Isolation of virus and RNA. BYV (Ukraine isolate) was propagated in
Tetragonia expansa and isolated as described previously Karasev et al., 1989) . Virus, pelleted by high speed centrifugation, was resuspended in 0.02 M-sodium phosphate pH 7.5, and RNA was phenol-extracted the same day to avoid degradation (Karasev et al., 1989) . To obtain homogeneous full-length RNA for some sequencing and cloning experiments, total virion RNA was fractionated in sucrose gradients (Karasev et al, 1989) . Finally, RNA was dissolved in triple-distilled water and stored at -20 °C. Other viral RNAs used in this work were obtained from the laboratory collection.
Determination of the Y-terminal sequence of viral RNA. BYV RNA was terminally labelled with [5'-z2P] pCp by a slight modification of the method of England & Uhlenbeck (1978) . Labelled RNA was ethanolprecipitated in the presence of 2 M-ammonium acetate and pellets were washed twice with 70% ethanol and dissolved in water. Partial RNase T1 hydrolysis was done in 50 ~tl of 0-3 M-NaC1, 20 mM Tris-HC1 pH 7.5, 0-004 units RNase T1 (Sankyo) and labelled BYV RNA by incubation at 37°C for 30min. This was followed by phenol:chloroform extraction and ethanol precipitation of RNA from the aqueous phase. Finally, the labelled T1 fragments were dissolved in 80% formamide-EDTA and applied to an 8% acrylamide gel with 7 M-urea. After electrophoresis, the labelled fragments were visualized by autoradiography, cut from gels and eluted with 0.5 M-sodium acetate pH 5.2, 2 mM-EDTA, 0.5% SDS and 1/3 vol. phenol. The pCp-labelled T1 fragments were then ethanol-precipitated from eluates and pelleted in separate tubes for G, A, U and C reactions. Direct chemical RNA sequencing was run according to the method of Peattie (1979) .
For complete T1 hydrolysis, pCp-labelled-RNA (10 v-g) was incubated with 2 units of RNase T1 in 10 mM-Tris-HC1 pH 7-5 at 37 °C for 1-5 h. The length of the resulting fragment was determined by electrophoresis in a thin sequencing gel. The Y-terminal nucleotide was identified by complete RNase T2 hydrolysis of the labelled product of exhaustive T1 digestion, followed by thin layer chromatography with unlabelled Ap, Cp, Up and Gp ribonucleoside Y-monophosphates as markers (Dolja et al., 1987) .
cDNA synthesis and cloning. Avian myeloblastosis virus reverse transcriptase preparations, routinely used throughout this work, were from OHZ or Serva. Moloney murine leukaemia virus reverse transcriptase, Escherichia coli DNA polymerase I and RNasin were from Serva. Restriction endonucleases and T4 DNA [igase were purchased from NPO 'Ferment', Boehringer Mannheim and Serva. RNase H and T4 DNA polymerase were from Pharmacia. The source of other enzymes and materials used in cloning and sequencing is specified in the text.
Total virion BYV RNA or full-length RNA isolated from sucrose gradients were used for random-primed one-tube synthesis of cDNA, essentially as described by Gubler (1988) . Double-stranded cDNA was sized in low gelling temperature agarose to obtain the fraction more than 1-5 kb in size (Maniatis et al., 1982) . The blunt-ended cDNA was then inserted into SmaI-cut plasmid vectors pUC19 or pTZI9. Procedures for ligation and transformation of competent E. coil XL-I cells were identical to those previously described (Maniatis et al., 1982) . For some clonings, the cDNA inserts were dC-tailed in a reaction with terminal deoxynucleotidyl transferase (Pharmacia), followed by annealing to dG-tailed pUC9 and transformation (Maniatis et al., 1982) . Synthetic primers 5' d(ATACTGCAGGGCCCCTTATTTTTTC) 3' and 5' d(CAAGGCTCGAGAAGTTTCACC) 3' (primers I and IV, respectively) were used to obtain clones representing the Y-terminal region of the BYV genome. Primers I and IV were complementary to nucleotides (nt) 6730 to 6746 and 6055 to 6075, respectively, from the 5" end of the determined sequence. Prior to first-strand synthesis, primers were annealed to virus RNA in 0.1 M-NaC1, 20 mM-Tris-HCl pH 7.5, 1 mM-EDTA by heating at 65 °C for 2 min followed by incubation at 56 °C for 1.5 h and slow cooling to 35 °C. In situ hybridization using a cDNA probe synthesized on random-primed BYV RNA was performed according to Maniatis et al. (1982) . To select the Y-terminal clones, 5'-32p-labelled oligonucleotides I and IV extended by reverse transcription of BYV RNA were used as specific probes. The cDNA clones were further characterized by restriction endonuclease mapping and Southern or Northern hybridizations using the BYV-specific inserts as oligonucleotide-labelled probes (Feinberg & Vogelstein, 1983) .
DNA sequencing. The Y-terminal sequence of BYV RNA was read by extending 5"-32p-labelled primer I with dideoxynucleotides using reverse transcriptase (Shelness & Williams, 1985) . After the reaction, DNA fragments in sequencing tubes were precipitated with ethanol in 2 M-ammonium acetate, the pellets were washed with 70 % ethanol and then dried. Each base-specific reaction was then incubated in 10 ttl of the terminal nucleotidyl transferase buffer with 5 units enzyme and 1 mM-dCTP for 15 min at 37 °C. The fragments were again precipitated with ethanol-ammonium acetate, dissolved in formamide dye and applied to a sequencing gel. The terminal transferase step was found to be crucial in eliminating artificial stops in all four lanes of the gels.
Most of the DNA sequence was determined using single-stranded pTZ18 or -19 subclones and Sequenase kits (Pharmacia). Some regions were sequenced on asymmetrically labelled DNA fragments by chemical cleavage (Maxam & Gilbert, 1980) ; reaction products were analysed on 6 or 8 % sequencing gels. Computer assembly of sequence data was performed using the program RUSTEM version 3-3 (by R. F. Nakipov). The G periodicity in the reading frames was monitored by the GENBEE/PROTMAKE program, evaluating the normalized difference GI-GII averaged for 20 triplets in three-base steps (Trifonov, 1987) . The GENBEE package of computer programs (Brodsky et al., 1990) was also used for protein sequence comparisons and for screening the SWISSPROT database (release 12). Alignments of protein sequences were generated by the MULTALIN program (Corpet, 1988) and slightly modified by hand to maximize the number of invariant amino acid residues. Analysis of the RNA secondary structure was done using the algorithm of Zuker & Stiegler (1981) .
Aminoacylation and adenylylation of BYV RNA. Conditions of isolation of wheat embryo synthetases and in vitro aminoacylation were as specified in Agranovsky et al. (1981) . A mixture of t*C-labelled amino acids (Amersham) was added to 30 ~1 aliquots supplemented with 4 pmol of virus RNA and synthetases. Yeast ATP,CTP :tRNA nucleotidyl transferase was obtained from Dr A. A. Bogdanov. Viral RNAs (4 pmol each) were adenylylated essentially as described in Van Belkum et al. (1987) . Samples (5 p.1) were withdrawn from 25 p~l incubation mixtures at different time intervals to measure the incorporated radioactivity. In controls, RNAs from brome mosaic virus (BMV), potato virus X (PVX) and tobacco rattle virus (TRV) were used. For both aminoacylation and adenylylation, the extent of the reaction was measured by counting TCA-insoluble radioactivity in samples adsorbed on Whatman 3MM filters.
Results
Analysis of B YV cDNA clones
Two sets of cDNA clones were used in this study. The first set arose from cDNA obtained by random-primed reverse transcription of BYV RNA and the second was from cDNA synthesized by use of synthetic primers complementary to two sites in the 3'-terminal region (Fig. 1) . The virus-specific nature of inserts in the clones chosen for sequencing (Fig. l) was confirmed by hybridization with aEp probes obtained by random priming of BYV RNA. Clones r2 and p36 hybridized only to RNA from BYV-infected plants, not to RNA from healthy plants, on Northern blots (Dolja et ai., 1990; unpublished observations) .
Nucleotide sequence and open reading frames
Of the sequence, 65 % was determined on both strands of cDNA and 60% of the total sequence was read from independent overlapping clones ( Fig. 1) . A single nucleotide substitution was found between the sequences of individual clones, i.e. that of G for A at nt 1921 which led to a Val for lie substitution in the open reading frame 3 (ORF3)-encoded 65K protein sequence (Fig. 2) . This could reflect a rather low level of sequence heterogeneity in the RNA population of a given isolate.
The nucleotide sequence and the deduced amino acid sequences are presented in Fig. 2 . The patterns diagrammed in Fig. 3 (b) reflect the statistics for the G/non-G ratio of the first and second positions of triplets. According to Trifonov (1987) , for the vast majority of expressed genes high values of this ratio are typical; the Trifonov plots peaked at ORFs I to 8 (see Fig. 3 a and b), thus suggesting that these could in fact be the expressed genes. No ORFs encoding products of more than 10K were found in the complementary strand (not shown).
In the 5' to 3' direction, the 6746 nt long sequence starts with the incomplete ORF1, terminated with a UGA codon at nt 657 ( Fig. 2 and 3a) . The second ORF (nt 710 to 871) is separated from ORF1 by a 51 nt long non-coding region, showing low A (10%) and high U (51%) content, which is probably not structured, as indicated by computer folding. ORF2 was selected from the other short ORFs (Fig. 3a) because of the favourable context of its initiation codon, G at the + 4 and -3 positions (Kozak, 1986) , and optimal G distribution in the codons (Fig. 3b) . The product encoded by ORF2 had a calculated Mr of 6381 (6"4K). Comparison of its amino acid sequence with the database showed closest relatedness (a statistically significant value of 8-1 S.D. over the random expectation was observed for 17-residue segments) to the putative 14K protein of narcissus mosaic virus (NMV), a potexvirus. Alignment of the 6-4K sequence with those of the small hydrophobic proteins of potex-and carlaviruses revealed two regions of conservation, with a large gap between them in the 6-4K sequence (Fig. 4) ; the N-terminal region of similarity included a strongly hydrophobic segment. Curiously, this segment was longer in the 6-4K protein than in other virus proteins, comprising 25 consecutive non-polar residues. In part, this could be attributed to the presence of a repeat of five residues in this protein (Fig. 4) .
ORF3 occupies the sequence between nt 874 and 2667 and encodes a product of calculated Mr of 65156 evidently homologous to the hsp70 heat-shock proteins. Detailed comparison of the product of ORF3 with the respective homologues will be discussed elsewhere (A. A. Agranovsky et al., unpublished results) .
ORF4 (nt 2576 to 4234) overlaps the last 92 nt of ORF3 and the first 50 nt of the downstream ORF5 and encodes a polypeptide of Mr of 63931 (64K).
ORF5 (nt 4185 to 4832) potentially encodes a protein with an Mr of 24260, if translation begins from the first AUG codon, despite the fact that its context (U in the + 4 and A in the -3 positions) is not optimal (Kozak, 1986) . Translation from the second in-frame AUG, which apparently has a favourable context (G in the + 4 and -3 positions), would yield a 22-5K product. It should be noted that translation of the respective mercury-denatured replicative form (RF) in vitro gave rise to a 22K product (Dolja et al., 1990) .
ORF6 (nt 4906 to 5517) starts 70 nt downstream of the ochre termination codon of ORF5. The intergenic region is low in G and C (17% and 14%, respectively) and high in U (47 ~o). The product of ORF6 was identified as the BYV coat protein because its Mr (22 200) and amino acid composition (Table 1) were consistent with earlier estimations for purified capsid protein Short et al., 1977) . Some discrepancies in amino acid composition, including the absence of a single methionine residue which had been found in the BYV coat protein in earlier studies ; A. A. Agranovsky and others
D D S L I F S E S P I R N S A D A M C T
ACGACTCTTTGATTFrCTCCGAATCTCCTATCAGAAATTCAGCCGATGCGATGTGCACAG 130 140 150 160 170 180 
3370 3380 3390 3400 3410 3420 
CIGGGGT CTCA.*t#L~.CTT 5170 5180 5190 5200 5210 5220 
AACAACGGTGCGTTTCTTCCGACTACTTGTGGTTTGAAAACGTTT 5890 5900 5910 5920 5930 5940 
6410 6420 RF corresponding to the coat protein messenger stimulated no [35S]methionine incorporation, whereas labelling with the [14C]amino acid mixture gave rise to a 23K product immunoprecipitable with anti-BYV serum (Dolja et al., 1990; and our unpublished observations) . This result indicated that the coat protein of the Ukraine isolate of BYV was in fact free of methionine, provided that the N-terminal Met residue is cleaved.
ORF7 overlaps the coat protein cistron by a single nucleotide and with ORF8 by 23 nt (Fig. 2) . The potential products of ORF7 (nt 5517 to 6056) and ORF8 (nt 6034 to 6564) have calculated Mrs of 20395 and 20534, respectively. Upon in vitro translation of the shortest BYV RF corresponding in size to ORF8, a 19K product was readily detected (Dolja et al., 1990) .
No significant similarities for the putative products of ORFs 4, 5, 7 and 8 were found when compared with the SWlSSPROT database (release 12), using the GEN-BEE/QUICK program and stringent comparison conditions. Detailed computer-assisted analysis of these sequences is currently in progress.
The 3'-terminal region of B YV RNA
To read the sequence at the 3' end of the BYV genome, virus RNA was labelled using [5'-3Zp]pCp and RNA ligase. Mild hydrolysis with RNase T1 in high salt buffer Zuker & Stiegler (1981) . Numbering is from the 5' end of the determined 6746 nt sequence.
yielded several labelled terminal fragments of up to 150 nt in length, with a major species of 86 nt as determined by chemical sequencing. The sequence was identical in this and the longer individual T1 fragments eluted from gels (not shown). The sequence within the first five nucleotides from the 3' end was less clear, probably due to poor resolution of mono-to pentanucleotide chemical degradation products in 20% sequencing gels. The terminal GCCCoH sequence was, however, supported by the fact that (i) complete T1 hydrolysis of pCp-labelled BYV RNA produced a labelled tetranucleotide (i.e. the first G was the fourth nucleotide from the 3' end) and (ii) complete RNase T2 hydrolysis of this tetranucleotide yielded labelled cytosine (not shown).
The sequence of 86 nt determined by the direct chemical method was verified and extended to 350 nt by dideoxynucleotide sequencing of RNA with reverse transcriptase and primer I (Fig. 1) . Two potential stem-loop structures were found in the Y-terminal region by use of the RNA folding program (Fig. 5) . These structures were generated in all foldings of fragments from 90 to 200 nt from the 3' end. Notably, the second stable hairpin was observed between nt 6663 and 6704 (Fig. 5) . This was in good agreement with the fact that the sequence of the major 3' fragment produced by limited RNase TI digestion extended to 86 nt from the 3' end, apparently to the unpaired G (nt 6660) liable to TI cleavage (Fig. 5) .
When BYV RNA was incubated in vitro with aminoacyl tRNA synthetases and a 14C-labelled mixture * Samples equivalent to 1 pmol RNA were taken at time intervals specified in the left column and TCA-precipitable counts determined.
~" Figures for adenylylation of BYV RNA are from two parallel experiments.
:1: N-r, Not tested.
of 15 amino acids, including histidine, valine and tyrosine, no aminoacylation was detectable compared to the controls, PVX RNA and BMV RNA (not shown), having 3' poly(A) and a 3'-tyrosine-accepting structure (Hall et al., 1972) , respectively. Bearing in mind an example of a tRNA-like structure in the TRV genome which can be adenylated but will not to accept any amino acid (Van Belkum et al., 1987) , we attempted to adenylylate BYV RNA in a reaction with ATP,CTP :tRNA nucleotidyltransferase. Data in Table 2 show that BYV RNA, similarly to PVX RNA, stimulated no specific incorporation of [3H]ATP when compared to TRV RNA. Taken together, the results of structure analysis and in vitro assays indicated the absence of a T-terminal tRNA-like structure in the. BYV genome.
Discussion
The 6746 nt sequence of the 3'-proximal half of the BYV genome contains a T-terminal non-coding region of 181 nt, a length consistent with those of the non-coding regions of many other positive RNA viruses. The 3'-proximal region in BYV RNA has oligo(A) and oligo(U) stretches, which is reflected in a high A+U content (65~o for the 90 3'-terminal nucleotides). Primary and secondary structure analysis, as well as the absence of aminoacylation and adenylylation in vitro, indicated the absence of a Y-terminal tRNA-like structure in the BYV genome. In this respect, BYV resembles those plant positive-strand RNA viruses whose T-terminal region has neither a poly(A) nor a tRNA-like structure, such as ilar- (Koper-Zwarthoff et al., 1979) , carmo- (Guilley et al., 1985) , tombus- (Rochon & Tremaine, 1989) , diantho- (Lommel et al., 1988) , luteo- (Miller et al., 1988) and sobemoviruses (Wu et al., 1987) . Intriguingly, the two hairpin secondary structure of the 3' non-translated region of the BYV genome (Fig. 5) resembles that of red clover necrotic mosaic dianthovirus (Lommel et al., 1988) . It is tempting to speculate that stable secondary structures of the non-tRNA-like type can serve as specific replicase recognition sites, by analogy with a function attributed to aminoacylatable sequences in plant virus RNAs (Bujarsky et al., 1986; Dreher et al., 1984) . The sequenced portion of the BYV genome contains the incomplete ORF 1, representing the C terminus of the putative BYV RNA polymerase (Fig. 2) . This was obvious from the fact that the deduced amino acid sequence contained three of the four stretches conserved in all reported sequences of (putative) RNA-dependent RNA polymerases of positive-strand RNA viruses (Kamer & Argos, 1984; Koonin et al., 1987) . Moreover, when aligned with C-terminal sequences of other plant viruses, the putative BYV polymerase was found to be a close relative of the polymerases of tricornaviruses (A. A. Agranovsky et al., unpublished results). Localization of the replicase gene in the 5'-terminal region of the BYV genome is not unexpected because this is the case in many other plant and animal virus genomes (Zimmern, 1988) . The striking feature of BYV is the presence of a putative gene for a 65K protein (ORF3 in Fig. 3a) , which has been found to be homologous to the hsp70 family of cell heat-shock proteins. As argued elsewhere (A. A. Agranovsky et al., unpublished results), it seems most likely that the BYV protein retains the ATPase activity typical of the hspT0s (Rothman, 1989) . The suggested gene order in the 3' half of the BYV genome elucidated from the sequence (5'-RNA replicase -6-4K -65K) is in accord with previous observations that 250K was the only major product of virion RNA translation and that clone r2, representing most of the 65K gene, showed detectable hybridization only to the genomic and the largest subgenomic RNAs on Northern blots (Karasev et al., 1989; Dolja et al., 1990) . One cannot exclude the possibility, however, that the as yet unsequenced 5' portion of the virus genome contains additional ORF(s).
The putative 6.4K product of ORF2 ( Fig. 2 and 3a) is apparently homologous to the small hydrophobic proteins encoded by the genomes of two groups of plant viruses with elongated particles, namely potex-and carlaviruses. It has been suggested that these small hydrophobic proteins are associated with membranes and are possibly involved in the cell-to-cell transport of virus infection (Morozov et al., , 1990 all filamentous plant viruses sequenced so far constitute an evolutionarily compact family (Dolja et al., unpublished results) . Within this family, two clusters of related proteins have been established and the BYV capsid protein grouped with those of potex-and carlaviruses, as opposed to those of poty-and bymoviruses. The localization of the coat protein cistron in the BYV genome seems rather peculiar as it is separated from the 3' terminus by the two downstream ORFs. The expression of ORFs 2 to 8 could be mediated by the formation of a nested set of subgenomic RNAs. The single-and double-stranded counterparts of at least five of them have been detected in BYV-infected plants, including the major species encoding the viral coat protein (Dolja et al., 1990) .
The sequenced part of the BYV genome contained three tentative genomic modules separated by two noncoding spacers, both unstructured and U-rich. These were (i) a 250K module containing the putative RNAdependent RNA polymerase domain(s), (ii) the 6.4K-65K [hsp70 homologue (ATPase?)]-64K-24K gene module and (iii) the coat protein-20K-21K gene module (Fig. 6) . The first gene module is apparently involved in RNA replication. One could speculate that the second module might be involved in the movement of BYV infection within the plant, and the third in assembly of virus particles and vector transmission, thus reflecting the temporal steps of virus infection. The assessment of the significance of these observations awaits testing of the kinetics of BYV-specific subgenomic RNAs and protein synthesis in vivo.
Comparisons of the BYV-encoded proteins show that its putative RNA polymerase is most closely related to the polymerases of tricornaviruses, the group composed of viruses with icosahedral capsids and divided genomes. The 6.4K protein seems to be related to small hydrophobic proteins of potex-and cadaviruses, and the coat protein of BYV is also homologous with those of these viruses. Finally, the 65K protein is the first described virus-encoded homologue of the hsp70 cell proteins which are highly conserved from bacteria to mammals. We believe that the origin and evolution of such a sophisticated novel genome organization could naturally be explained by the gene module reassortment hypothesis (Haseloff et al., 1984; Morozov et al., 1989) .
